Angiogenesis is a complex process involving endothelial cell migration, proliferation, and differentiation as well as tube formation. These processes are stimulated by a variety of growth factors such as vascular endothelial growth factor (VEGF). VEGFinduced cytoskeletal reorganization plays a crucial role in the angiogenic processes. In the present study, we evaluated the role of calpain in VEGF-induced angiogenesis in vitro and in vivo. Human pulmonary microvascular endothelial cells (PMEC) were incubated with VEGF (10 -60 ng/ml) for 2-24 h, after which we measured calpain activities, protein contents of the calpain subunits and of calpastatin, endothelial monolayer wound repair, tube formation, and actin cytoskeleton changes. Incubation of PMEC with VEGF resulted in dose-and time-dependent increases in calpain activity and protein content of calpain-2. VEGF did not change the protein contents of calpain-1 and the small subunit or of calpastatin. Incubation of PMEC with a VEGF receptor blocker prevented the VEGF-induced increase in calpain activity. Inhibition of calpain activity by siRNA directed against calpain-2 and by overexpression of calpastatin prevented VEGF-induced increases in actin stress fibers in endothelial cells and angiogenesis. Overexpression of calpastatin also inhibits vessel formation in subcutaneous (s.c.) matrigel plugs in mice. These results indicate that calpain mediates VEGFinduced angiogenic effects by modulating actin cytoskeletal organization.-Su, Y., Cui, Z., Li, Z., Block E. R. Calpain-2 regulation of VEGF-mediated angiogenesis. FASEB
Angiogenesis is a complex process involving endothelial cell migration, proliferation, and differentiation as well as tube formation (1) (2) (3) . These processes are stimulated by a variety of growth factors such as vascular endothelial growth factor (VEGF) (2, 4, 5) . VEGF is produced by endothelial cells and epithelial cells in a variety of tissues (5, 6) . In vitro, VEGF stimulates extracellular matrix (ECM) degradation as well as proliferation, migration, and tube formation of endothelial cells (4, 5, 7) . In vivo, VEGF has been shown to regulate vascular permeability, which is important for the initiation of angiogenesis (8) . Two high-affinity binding sites for VEGF have been identified on vascular endothelium: VEGFR-1 (Flt-1) and VEGFR-2 (Flk-1) (4, 5, 7). VEGF receptors are associated with receptor tyrosine kinase, which is responsible for the downstream effects of VEGF (7, 9) . The signal transduction pathway downstream from receptor tyrosine kinase is not clear. Several reports demonstrated that VEGFinduced increase in actin stress fibers plays a crucial role in the angiogenic processes of migration, differentiation, and proliferation of endothelial cells (10 -12) . The cytoskeletal organization in endothelial cells is regulated by calpains (13, 14) . Calpains are a family of calcium-activated nonlysosomal neutral cysteine endopeptidases, which act via limited proteolysis of substrate proteins (15) (16) (17) (18) (19) . There are at least 15 isozymes in the family (15, 20) . Calpain-1 (-calpain) and calpain-2 (m-calpain) are two major typical calpain isoforms and are responsible for calpain activity in endothelial cells (15, 17, 21) . Calpain-1 and calpain-2 isoforms consist of a distinct larger catalytic subunit (ϳ80 kDa) and a common smaller subunit (ϳ30 kDa) that helps regulate catalytic activity (17, 22) . Calpastatin functions as the major specific endogenous inhibitor for calpain-1 and calpain-2 (19, 23, 24) . In the present study we examined the role of calpains in VEGFinduced angiogenic effects. We found that VEGF increases activity and protein contents of calpain-2 in human microvascular endothelial cells and that inhibition of calpain activity by siRNA directed against calpain-2 or by overexpression of calpastatin prevents VEGF-induced increases in actin stress fibers in endothelial cells and angiogenesis, suggesting that calpain plays a critical role in mediating VEGF's angiogenic effect.
MATERIALS AND METHODS

Cell culture
Human pulmonary microvascular endothelial cells (PMEC) were purchased from Cambrex Bio Science Rockland, Inc. (East Rutherford, NJ, USA) and cultured according to the instructions provided by the supplier. Third-to-sixth passage cells equilibrated in growth factor-free medium for 24 h were used for all experiments. Cells were identified by and the purity of the preparations were confirmed by phase contrast microscopy and the presence of factor VIII antigen. Cell viability was assessed using trypan blue staining and cell counting.
Calpain activity assay
Calpain activities were assayed by detecting calcium-dependent cleavage of resorufin-labeled casein in vitro and the calpain-mediated degradation of natural substrate spectrin in intact cells as previously reported (25) . To detect calpainmediated cleavage of resorufin-labeled casein in vitro, cells were scraped and sonicated in buffer A (0.2 M Tris-HCl, pH 7.5, 1 mM dithiothreitol). Then 100 l of lysates were mixed with 50 l resorufin-labeled casein substrate solutions (0.4%) and 50 l buffer B (buffer A plus 10 mM CaCl 2 ). CaCl 2 was substituted by 5 mM EDTA in blanks. After incubation for 30 min at 37°C, the reactions were terminated by adding 480 l of 5% trichloroacetic acid. The mixtures were incubated again at 37°C for 10 min. After centrifugation, 400 l supernatants were mixed with 600 l of 0.5 M Tris-HCl (pH 8.8). The fluorescence was measured by spectrophotometry (excitation 574 nm, emission 584 nm). Calpain activity was calculated by subtracting the fluorescence units of samples with EDTA from those with CaCl 2 . In some experiments, specific calpain inhibitors leupeptin and calpaspatin were used to inhibit calcium-dependent cleavage of resorufincasein. Our results indicate that leupeptin and calpaspatin caused a 90% inhibition of calcium-dependent cleavage of resorufin-casein, suggesting that this method is reliable to detect the alteration of calpain activity. Calpain activity in intact cells was measured by detecting calpain-specific spectrin breakdown products as reported by Newcomb (26) . Briefly, after treatments the cells were lysed by Western blot sample buffer and subjected to immuno-blot using antibody (Ab) against ␣II-spectrin (catalog # FG 6090; clone AA6, AFFINITI Research Products Limited, Mamhead Castle, UK). This Ab recognizes 280 kDa alpha-II-spectrin and a 150 kDa calpain-specific fragment. The calpain activity is expressed as the spectrin proteolytic ratio (150 kDa/280 kDa).
Western blot analysis
After treatments, PAEC were washed with PBS and lysed in boiled sample buffer (0.06 M Tris-HCl, 2% SDS and 5% glycerol, pH 6.8) for 5 min. The lysate proteins (15 to 20 g) were separated on a 7.5% or 12% SDS-PAGE and electrophoretically transferred onto nitrocellulose membranes. The membranes were incubated in blocking solution overnight at 4°C, then hybridized with primary Ab against spectrin, calpain-1, calpain-2, the small subunit of calpains, and calpastatin at room temperature for 1-2 h. The bands were detected using an immunochemiluminescence method. The density of the blots was quantitated by Bio-Rad Fluor-S TM MultiImager.
Construction and transient expression of an adenoviral vector containing calpastatin in PMEC
The recombinant adenovirus encoding porcine calpastatin-CFP (cyan fluorescence protein) fusion protein was constructed using the BD Adeno-X TM Tet-off expression system (Clontech, Palo Alto, CA, USA). The full-length porcine calpastatin gene (Genbank Data Library under accession number AY372988) was inserted in the SacI/EcoR I sites of pEGFP-C1. The resulting plasmid was named calpastatin-CFP. The inserts excised from NheI/SalI sites of calpastatin-CFP were used to construct recombinant adenoviruses containing tetracycline (Tet) -regulated gene inserts according to the manufacturer's instructions. After package, propagation, purification, and titration, the resulting adenoviruses and Adeno-X Tet-Off regulatory virus were used to coinfect PMEC as previously reported by us (27) .
Gene silencing of calpain-1 and calpain-2
The expression of calpain-1 and calpain-2 was silenced using the small interfering RNA (siRNA) technology. The target sequences for the mRNA of calpain-1 and calpain-2 were 5Ј-AAGCTAGTGTTCGTGCACTCT-3Ј and 5Ј-AAACCAGAG-CTTCCAGGAAAA-3Ј, respectively. The siRNA against luciferase mRNA was used as a control. The target sequence for luciferase mRNA was 5Ј-AACGTACGCGGAATACTTCGA-3Ј. The siRNAs were custom synthesized by Qiagen (Chatsworth, CA, USA) and transfected into PMEC using Quiagen RNAiFest transfection reagent according to the manufacturer's protocol. Four days after transfection, protein contents of calpains, tube formation, and actin cytoskeleton of PMEC were evaluated.
Determination of angiogenesis in vitro
Angiogenesis was evaluated in vitro by measuring migration and tube formation as previously reported (25) . Endothelial migration was evaluated by measuring endothelial monolayer wound repair. Briefly, a cell-free wound zone was created by scraping the monolayer with a sterile pipette tip. The wound width of monolayers in millimeters was measured under the microscope. Then monolayers were washed and incubated in 5% CO 2 at 37°C. Because the endothelial monolayer required at least 16 h to repair the wound a measurable distance, wound width was measured again after 16 h. Endothelial monolayer wound repair distance was expressed as the width of the wound before treatment subtracted by that after treatment. To do the tube formation assay, 96-well culture plates were coated with 100 l of matrigel (BD Biosciences Discovery Labware, Bedford, MA, USA) per well, then allowed to polymerize for 30 min at 37°C. PMEC were seeded on coated plates at a density of 2 ϫ 10 4 cells per well in RPMI 1640 medium containing 1% FBS at 37°C. Endothelial cells start to form tubes at 4 h. Tube formation is optimal after 8 h and begins to fade after 12 h. Therefore, the images of tubes were taken at 8 h at ϫ 100 magnification with a digital output camera (Olympus) attached to an inverted phase-contrast microscope. Total tube length in mm/mm 2 in each well was measured.
Determination of angiogenesis in vivo
Angiogenesis was determined in vivo by using a matrigel plug assay as described previously (28, 29) . C57BL/6 mice (Charles River Laboratory, Wilmington, MA, USA) were used in this study. All mice were male, 2-3 months of age. Animal protocols were approval by the IACUC of the University of Florida and the Malcom Randall Veterans Affairs Medical Center. After inhalation of anesthesia with 15% isoflurane, the abdomen of each mouse was shaved and the skin was prepared with 70% alcohol. 0.6 ml of matrigel containing 100 ng VEGF and 10 U heparin plus sham adenovirus or adenovirus with the calpastatin gene were injected s.c. near the abdominal midline of the mice. After 10 days, the mice were euthanatized by cervical dislocation after inhalation of 15% isoflurane. The skin of the mouse was pulled back to expose the matrigel plug, which remained intact. Hemoglobin (Hb) content in the matrigel plugs was measured using the Drabkin reagent (Sigma, St. Louis, MO, USA) for quantification of blood vessel formation. The concentration of Hb was calculated from a known amount of Hb assayed in parallel. Some plugs were fixed using formalin to observe the cyan fluorescence for confirmation of calpastatin expression.
Staining for actin cytoskeleton
After treatment, PMEC were fixed in 4% paraformaldehyde, then incubated with 0.1% Triton X-100 for 10 min, with 5% goat serum for 30 min, then with Texas red-labeled phalloidin for 1 h. The unbound molecules were washed off and cells were assessed using a Zeiss LSM 510 laser scanning confocal microscope. The cells with actin fiber formation were counted in random observation fields (ϫ400). The ratios of the number of cells with actin stress fiber formation to the total cell numbers in the observation field were calculated. At least 50 cells per treatment were counted.
Statistical analysis
In each experiment, experimental and control endothelial cells were matched for cell line, age, seeding density, number of passages, and number of days postconfluence to avoid variation in tissue culture factors that can influence measurements of angiogenesis and calpain activity. Results are shown as means Ϯ se for n experiments. Student's paired t test is used to determine the significance of differences between the means of experimental and control cells. A value of P Ͻ 0.05 was taken as significant.
RESULTS
VEGF increases calpain activity in microvascular endothelial cells
To investigate the role of calpains in VEGF-induced angiogenesis, PMEC were incubated with VEGF (10 and 60 ng/ml) for 24 h, then calpain activities were measured in vitro and in intact cells. As shown in Fig.  1A , incubation of PMEC with VEGF induces dosedependent increases in calpain activity. The calpain activities were also measured by detecting its specific spectrin breakdown products in control PMEC and PMEC exposed to VEGF. As shown in Fig. 1B , C, exposure of PMEC to VEGF caused an increase in the calpain-specific breakdown of spectrin, indicating that VEGF increases calpain activity in intact PMEC.
VEGF increases protein content of calpain-2
To study whether VEGF affects protein contents of calpains, we measured the protein contents of calpain-1, calpain-2, the common regulatory small subunit, and calpastatin. We found that incubation of PMEC with VEGF (60 ng/ml) caused time-dependent increases in the protein content of calpain-2 (Fig. 2) . However, the protein contents of calpain-1, of the small subunit, and of calpastatin were not altered in VEGFtreated endothelial cells (Fig. 2) .
VEGFR blocker inhibits VEGF-induced increase in calpain activity
To determine whether the VEGF-induced increase in calpain activity is mediated via the VEGF receptor, we evaluated the effects of 4-[(4Ј-chloro-2Ј-fluoro) phenylamino]-6,7-dimethoxyquinazoline (Calbiochem, San Diego, CA, USA), a specific VEGF receptor inhibitor, on VEGF-induced increases in calpain activity. As shown in Fig. 3 , incubation of PMEC with the VEGF receptor inhibitor (20 M, for 4 h) prevented VEGF- induced increases in calpain activity, suggesting that VEGF increases calpain activity through its receptor.
Effect of calpastatin overexpression on calpain activity, endothelial monolayer wound repair, and endothelial tube formation As shown in Fig. 4B , C, infection of PMEC with sham adenovirus did not affect calpain activity. However, infection of PAEC with adenovirus containing a fulllength calpastatin cDNA resulted in a dramatic decrease in calpain activity as measured by detecting calcium-dependent cleavage of resorufin-labeled casein in vitro and the calpain-mediated degradation of natural substrate spectrin in intact cells. However, the protein contents of calpain-1 and calpain-2 did not change in calpastatin-overexpressed cells, suggesting that the decrease in calpain activity is caused by the inhibitory effect of calpastatin on calpain (27) . Corresponding to the changes in calpain activity, infection of PMEC with adenovirus containing full-length porcine calpastatin cDNA caused decreases in endothelial monolayer wound repair and endothelial tube formation as well as in VEGF-induced increases in monolayer wound repair and tube formation (Fig. 5) . These results suggest that calpains play a mediating role in endothelial angiogenesis.
Effect of calpain siRNA on endothelial tube formation
To clarify whether calpain-1 or calpain-2 is responsible for the mediating role of calpain in angiogenesis, the protein expression of calpain-1 and calpain-2 was knocked down by using their siRNA. As shown in Fig. 6 , transfection of PMEC with siRNAs targeting the mRNA of calpain-1 and calpain-2 significantly knocked down the protein expression of calpain-1 and calpain-2. Knocking down the protein expression of calpain-2 caused inhibition of endothelial tube formation and a VEGF-induced increase in tube formation. In contrast, knocking down the protein expression of calpain-1 did not affect tube formation or VEGF-induced increase in tube formation in PMEC. These results suggest that calpain-2 rather than calpain-1 mediates VEGF-induced angiogenesis of PMEC.
The effects of overexpression of calpastatin and calpain siRNA on VEGF-induced stress fiber formation
To investigate the mechanism for calpain-mediated angiogenesis, alterations of the actin cytoskeleton were studied in PMEC, with calpain inhibition caused by overexpression of calpastatin or by calpains siRNA. As shown in Fig. 7 , incubation of PMEC with VEGF caused formation of stress fibers in the presence and absence of sham adenovirus. Overexpression of calpastatin using an adenovirus containing the calpastatin gene prevented the VEGF-induced increase in stress fiber formation in PMEC. To identify whether calpain-1 or calpain-2 is responsible for VEGF-induced stress fiber formation, we studied alterations of the actin cytoskeleton in PMEC in which calpain-1 or calpain-2 has been knocked down by siRNA directed against the mRNA of calpain-1 or calpain-2. We found that knocking down calpain-1 did not influence VEGF-induced stress fiber formation while knocking down calpain-2 prevented VEGF-induced stress fiber formation (Fig. 8) . These results suggest that calpain-2 rather than calpain-1 mediates VEGF-induced stress fiber formation.
The effects of overexpression of calpastatin on VEGF-induced angiogenesis in vivo
We have observed that inhibition of calpain activity by overexpression of calpastatin and by calpain siRNA prevented VEGF-induced increases in endothelial angiogenesis in microvascular endothelial cells in culture.
To confirm whether inhibition of calpain blocks angiogenesis in vivo, matrigel plus assay was performed in vivo. Matrigel containing VEGF (100 ng/0.6 ml) with or without sham adenovirus or adenovirus containing a full-length calpastatin cDNA was injected s.c. into C57BL/6 mice; 10 days later the formed matrigel plugs were excised, sectioned, and photographed. Cyan fluorescence was observed in the sections from plugs with VEGF plus sham adenovirus and from plugs with VEGF plus calpastatin adenovirus (data not shown), suggesting expression of CFP and calpastatin. Plugs with VEGF or with VEGF plus sham adenovirus exhibited a darkred color consistent with new blood vessel formation whereas plugs without VEGF or with VEGF plus calpastatin adenovirus were pale in color, indicating no or limited blood vessel formation (Fig. 9A) . Angiogenesis was quantified by measuring the Hb contents inside the matrigel plugs. As shown in Fig. 9B , overexpression of calpastatin prevents VEGF-induced increases in Hb contents in matrigel plugs corresponding to the color of the matrigel. These results indicate that calpastatin inhibits VEGF-induced angiogenesis in vivo.
DISCUSSION
In the present study we have demonstrated that VEGF increases calpain activity in human PMEC primarily due to increased expression of calpain-2. We have also shown that inhibition of calpain activity by overexpression of calpastatin or by siRNA directed against calpain-2 attenuates VEGF-induced increases in angiogenesis and actin stress fiber formation. These results indicate that calpain-2 plays a mediating role in VEGFinduced signaling in endothelial angiogenesis.
Shiraha et al. (30) and Glading (31) have reported that incubation of fibroblasts with epidermal growth factor for 10 min increases calpain-2 activity via a kinase/mitogen-activated protein (ERK/MAP) kinase pathway. Our results indicate that incubation of micro- vascular endothelial cells with VEGF for 2-24 h induces increases in calpain activity as measured by calciumdependent cleavage of resorufin-labeled casein in vitro and calpain-specific breakdown of spectrin in intact endothelial cells. The increases in calpain activity correspond to increases in calpain-2 protein content, indicating that increased calpain activity is caused by an increase in calpain-2 protein content. VEGF receptors are associated with receptor tyrosine kinase, which is responsible for the downstream effects of VEGF (7, 9) . Incubation of PMEC with VEGF receptor tyrosine kinase inhibitor blocks VEGF-induced increases in the activity of calpain, suggesting that calpain acts downstream from the VEGF receptor tyrosine kinase.
Tamada et al. (32) reported that calpain inhibitors leupeptin and SJA6017 reduced basic fibroblast growth Figure 5 . Effects of calpastatin overexpression on endothelial monolayer wound repair (A) and tube formation (B, C). A) Confluent PMEC were infected with or without (WO) a sham adenovirus (Sham-adeno) or an adenovirus containing a full-length porcine calpastatin gene (Calpastatin-adeno). After 48 h, a cell-free wound zone was created on the monolayers, then the cells were incubated with or without VEGF (60 ng/ml) for 24 h, after which the changes in repair distance were measured. Results are expressed as mean Ϯ se; n ϭ 4 experiments. *P Ͻ 0.05 vs. control (with VEGF).
# P Ͻ 0.05 vs. control in Sham-adeno group. B) PMEC were infected with or without a sham adenovirus (sham) or an adenovirus containing a full-length porcine calpastatin gene (Calpas). After 48 h, PMEC in suspension were seeded on matrigel in 96-well culture plates in the absence and presence of VEGF (60 factor-induced angiogenesis in guinea pig cornea, suggesting that calpains may be involved in angiogenesis. However, calpains clearly play an important role in the signal transduction of cell migration, differentiation, and proliferation in a variety of cells, including endothelial cells (33) (34) (35) (36) . The mechanism is not clarified but may be related to calpain-induced alteration in the architecture of cell adhesion and cytoskeletal components (37) (38) (39) . In the present study, we have shown that inhibition of calpain activity by overexpression of calpastatin prevented VEGF-induced increases in endothelial monolayer wound repair, endothelial tube formation, and the formation of actin stress fibers. Moreover, by using a different method, siRNA technology, we have demonstrated that knocking down calpain-2 inhibited VEGF-induced increases in endothelial tube formation and formation of actin stress fibers, whereas knocking down calpain-1 had no effect. These results indicate that calpain-2 plays a fundamental role in VEGF-induced formation of actin stress fibers in lung endothelial cells. The formation of actin stress fibers plays a critical role in endothelial tube formation and angiogenesis (11, 12) . Several reports indicate that inhibition of calpain activity by overexpression of calpastatin (40) , by the calpain inhibitor calpeptin (40) , or in small subunit knockout fibroblasts (41) inhibits actin stress fiber formation. These studies did not identify which isoform of calpain is important in actin stress fiber formation, because the methods used to create calpain inhibition affect both calpain-1 and calpain-2. Kulkarni et al. (13) reported that calpain-1 cleaves RhoA and generates a fragment that inhibits integrin-induced stress fiber assembly, suggesting that calpain-1 is not responsible for the increase in stress fiber formation. Consistent with these data, we found that knocking down calpain-1 did not prevent VEGF-induced increase in stress fiber formation, but knocking down calpain-2 did prevent VEGF-induced increase in stress fiber formation and tube formation. Hoang et al. (10) and Amerongen et al. (12) reported that RhoA signaling is involved in VEGF-induced endothelial stress fiber formation and angiogenesis. There are reports claiming that calpains play an important role in the activation of the Rho signaling pathway (42, 43) . Therefore, the role of calpain-2 in VEGF-induced cytoskeleton reorganization and angiogenesis might be related to RhoA signaling pathway in endothelial cells. We also demonstrated that overexpression of calpastatin inhibits vessel formation in s.c. matrigel plugs, suggesting that inhibition of calpain activity blocks in vivo angiogenesis as well. Therefore, manipulating calpain activity could provide promising therapies for management of pathological angiogenesis, such as those occurring in proliferative retinopathy and cancer, and for tissue repair in which enhanced angiogenesis is preferred. 
